Purpose We devised a testing apparatus for in vivo analysis of ankle stability. The purpose of the study was to test the reliability of this apparatus and to determine the stability pattern of the ankle−hindfoot complex in healthy, asymptomatic volunteers and in patients with ankle instability. Methods Ten healthy individuals were studied, and testing was repeated on the same day and different days. Three patients with symptomatic, unstable ankles were also tested on both involved and uninvolved sides. Constant inversion torque was applied, then internal rotation torque, while moving the ankle throughout the range of sagittal motion. Three-dimensional kinematics of the ankle−hindfoot complex were measured by an electromagnetic tracking system. Results Measurements were repeatable, with intraclass correlation coefficients 0.9 or better. Variability was observed among controls, but motion curve patterns were consistent. Motion curve slopes were sensitive in differentiating between unstable and stable ankles. Conclusions Most previous reports are in vitro studies conducted with the ankle in one position, manual stress applied, or joint positions estimated with planar radiographs. Our study indicated that more accurate diagnosis of severity of ankle ligament injuries may be possible.
Introduction
Ankle ligament sprains are common injuries. One epidemiological study revealed that the estimated incidence rate of ankle sprains in the general population presenting to emergency departments in the United States is 2.15 per 1,000 person-years, and nearly half of all ankle sprains occurred during athletic activity [1] . The most common risk factor for ankle sprains in sports is a previous history of an ankle sprain [2] . Yeung et al [3] reported the recurrence rate of ankle sprains for athletes with a previous history of ankle sprains was as high as 73%. Progression to chronic problems, such as pain, giving-way, instability, and ultimately degenerative changes is not uncommon in patients with previous ankle sprains [3, 4] .
A clear understanding of ankle−hindfoot motion is important for both evaluation and treatment of ankle disorders. Many investigators have studied and reported the roles of ankle structures in joint stability and mobility, which are functions of both extrinsic (i.e., ligaments) and intrinsic (i.e., articular geometry) elements. Studies have been conducted to determine the range of motion, contribution of lateral ligaments to stability, and the effects of ligament rupture on mobility in both in vitro and in vivo experiments. In spite of these efforts, the clinical assessment of patients with ankle instability still has some inaccuracies [5, 6] . Evaluation of ankle−hindfoot stability under applied force, such as inversion or anterior translation, is widely performed clinically and radiologically. It is known that these evaluating methods have some limitations. Stress radiographs of the ankle measure two-dimensional displacement, but instability occurs in three planes. Moreover, in these stress evaluations and earlier studies, ankle-joint stability was investigated in discrete joint positions. However, the positions selected may or may not have been positions in which laxity was at its maximum. The optimal joint position for testing varies depending upon the specific ligament being tested. Also, most of these investigations were cadaveric studies that used methods not directly applicable to testing patients.
We developed an ankle-testing device to measure threedimensional ankle and hindfoot motion with a specific rotational force applied and succeeded in distinguishing between controls and injured ankles and isolated the anterior talofibular ligament (ATFL) and combined ATFL/ calcaneofibular ligament (CFL) laxity in vitro [7] [8] [9] . The purposes of this study were to: (1) determine the repeatability of the testing methods in vivo; (2) apply this technique to uninjured controls; (3) apply this technique to patients with chronic lateral ankle ligament instability to determine the feasibility of its use in routine clinical testing.
Materials and methods

Patient profile
Ten individuals without previous foot trauma or pathology were tested. Three were women; average age was 35 (range 26-42) years. The tests were performed three to five times on two different days in order to assess the repeatability of the method. Three patients with unilateral injuries to the lateral ligaments were also tested. Mean age was 26 (range 14-41) years. Two were women. All had chronic instability based upon physical examination with a positive anterior drawer, and all had abnormal stress radiographs. Both the unstable and stable ankles were tested in the device. All three patients had combined ATFL/CFL rupture confirmed at the time of surgery. Patients underwent reconstruction of lateral ankle ligament using the modified Broström procedure.
Ankle-stability-testing device
The ankle-testing apparatus was constructed primarily of acrylic plastic (Fig. 1) . It allowed three rotations (internal/ external, inversion/eversion, plantar/dorsiflexion) of the footplate and three translations (anterior/posterior, medial/ lateral, proximal/distal) in a global anatomical coordinate system of the hindfoot. In this coordinate system, the X axis was along the tibial shaft through the centre of the ankle. The Z axis was parallel to the projection of a line connecting the centre of the heel and the second metatarsal on a plane perpendicular to the X axis. The Y axis was the product of the X axis and Z axis following the right-hand rule, passing through the ankle-joint centre. The X axis was defined as the internal/external rotation axis, the Z axis as the inversion/eversion axis, and the Y axis as the plantar/ dorsiflexion axis. A 1.7 Nm torque was applied separately to each axis using a stainless steel, 180°torsion spring.
Each patient was placed in the apparatus in a seated position in 90°of hip and 90°of knee flexion. The lower leg was fixed on a low-friction sliding block to allow free proximal-distal motion of the tibia. The foot was fixed on the foot plate with a Velcro® strap on the forefoot and midfoot. The hindfoot was secured to a heel cup on the plate by a Velcro® strap. Three-dimensional movement of the calcaneus relative to the tibia (ankle−hindfoot complex) was monitored with an electromagnetic tracking system (Flock of Birds®, Ascension Technology, Burlington, VT, USA), which provided 6 degrees of freedom tracking. The magnetic source was mounted to the frame of the testing device. One sensor was attached to the skin overlying the calcaneal tuberosity, and another was attached to the anteromedial aspect of the proximal leg. Placement of sensors in these areas with less subcutaneous tissues limited the potential for artifact from skin movement. A pilot study was performed to compare kinematics data from both skinand bone-mounted sensors using cadaver feet, which confirmed that the measurements from skin-mounted sensors correlated well with bony movements [7] .
Internal rotation then inversion stresses were applied using constant loading of the foot with a built-in, springloaded torque generator. A constant torque of 1.7 Nm was applied, determined on the basis of previous tests and clinical experience. The foot was moved slowly from maximum plantarflexion to maximum dorsiflexion, with the constant torque applied to the foot in either internal rotation or inversion. Three-dimensional kinematic data were recorded continuously during testing. Internal/external rotation and inversion/eversion movement curves expressed as functions of the plantar/dorsiflexion angle. Internal rotation and inversion angles and the slope of the curves were determined for the unstable and the opposite stable ankle, as well as for controls. Discrete points were selected for data analysis: the angle of each curve was determined at 20°and 10°of plantarflexion, neutral position, and 10°of dorsiflexion. The slope was calculated between the points representing maximum motion and a point corresponding to motion at 10°of dorsiflexion from the internal rotation curve or the inversion curve.
Statistical analysis was performed using a paired t test to evaluate the difference between stable and unstable ankles, with statistical significance set at p<0.05. An unpaired t test was used to evaluate the difference between unstable ankles and controls, with statistical significance set at p<0.05 level.
Results
Repeatability
The technique had repeatable results. The intraclass correlation (ICC) > was 0.97 for same-day testing and 0.95 for testing on different days for the inversion stress test. For the internal rotation stress test, the ICC was 0.93 for intraday tests and 0.90 for interday tests. An example of three trials obtained from one individual is shown in Fig. 2 .
Uninjured control ankles
Angular data obtained from ten controls are shown in Fig. 3 . Maximum inversion was observed in a position >20°of plantarflexion and decreased as the ankle dorsiflexed. The mean ± standard deviation (SD) value of maximum inversion was 15.8°±3.7°, with a range of 8.3-22.5°. Mean value of minimum inversion was 6.6°±2.6°, with a range of 2.2-10.6°. Mean maximum to minimum inversion was 9.2°± 3.2°, with a range of 2.7-13.4°. The shape of curves for the internal rotation stress test was convex with the peak of the convex curve at an average of 7.1°±6.1°plantarflexion, ranging from 17°plantarflexion to 1°dorsiflexion. Mean value of maximum internal rotation was 15.4°±3.4°, with a range of 8.8-20.7°. Mean value of minimum internal rotation was 11.7°±3.5°, with a range of 6.5-18.2°. Mean range from maximum to minimum internal rotation was 3.7°±1.9°, with a range of 1.2-7.4°.
Unstable ankles
The motion curve patterns in unstable ankles were similar among the three patients with lateral ankle instability. Overall, there was more motion with inversion and internal rotation testing. The degree of rotation at five discrete points was identified and compared between the unstable and the stable ankle. These points were 20°and 10°of plantarflexion, neutral, 10°of dorsiflexion, and maximum internal rotation or inversion position. For the inversion stress test, the difference in motion curves was greatest in plantarflexion. Further analysis of the motion curve slopes was much more sensitive in differentiating between the unstable and the opposite stable ankle (Figs. 4 and 5) . With internal rotation force applied, mean ± SD slope was 29.4±8.3 (in the unstable ankle, which was significantly greater than 11.7±5.0 in the opposite stable ankle (p=0.03). With inversion force applied, the mean ± SD slope of 44.8±11.4 in the unstable ankle was significantly different than that of 20.7 ± 2.4 in the opposite stable ankle (p =0.04). Similarly, slopes of the inversion and internal rotation motion curves were significantly greater in unstable ankles than in uninjured controls (Fig. 5) .
Discussion
Stress radiography with anterior drawer or inversion stress is widely accepted as a means to assess patients with lateral ankle ligament injuries. Anterior talar displacement or talar tilt angle is measured under stress loading. However, accuracy of these conventional stress tests is suspect [4] [5] [6] [10] [11] [12] [13] [14] [15] . Some limitations in the standard evaluation methods were because ankles were tested in various f dorsiflexion to a point at the peak of the motion curve positions and with different forces applied. Different authors recommended stressing the ankle in dorsiflexion, in the neutral position, or in plantarflexion during the stress manoeuvre [6, 10, 16, 17] . The foot position affects ankle stability because the relationship between ligamentous laxity and bony constraints vary with flexion angle during stress testing [7, 9, [18] [19] [20] [21] . Our results showed that mobility of the ankle−hindfoot complex varied as foot flexion angle changed. The magnitude of inversion increased with increasing plantarflexion position of the ankle under inversion stress. The diagnostic method in this study is based upon footmotion measurements under different specific manipulations and analysis of motion curve patterns using trend analysis [9] . This can be a fundamental improvement over the existing stress testing, which depends upon a discrete one-point value to determine laxity and type of injury. Each ligament contributes to joint stability at a certain joint position, and the rupture of a ligament will cause instability at that position. Thus, comparison based on the overall curve trend should be more sensitive than using discrete points in evaluating ligament injury. The existing testing analyses rotation in one plane (inversion) or translation in one direction (anterior drawer) but does not consider other planes of rotation or displacement, such as internal rotation. It may be reasonable to measure internal rotation to diagnose ATFL injury because the ATFL functions primarily in restricting internal rotation of the talus in the mortise [22] . Although this device may be applicable to stress radiography, we think that the motion-curve analysis during full range of sagittal motion will provide more detailed information of ankle−hindfoot complex kinematics and lead to more accurate diagnosis of severity of ankle ligament injuries.
We calculated slopes from the motion curves and applied them to differentiate between unstable (combined ATFL and CFL rupture) and stable ankles because a previous in vitro study demonstrated that it was possible to differentiate simulated ATFL injury from an intact ankle and ATFL/CFL injury from ATFL injury with this method [9] . Further study is needed of patients who have persistent ankle pain after sprains in order to determine whether these distinctions can be made in vivo; such analysis is not possible with conventional stress tests. Also, there is a subset of patients with persistent pain after ankle ligament reconstruction or after injury who have negative stress radiographs and stable ankles on examination who are considered to have "functional instability." Perhaps the diagnoses of some of these patients can be clarified with the testing method described here. We tested patients with inversion or internal rotation force applied. However, with the testing device, it is also possible to apply constant eversion, external rotation, combined inversion/internal rotation, and eversion/external rotation stress to the ankles. It may therefore be an applicable assessment for patients with other diagnoses, such as suspected deltoid ligament instability.
Although this is a promising noninvasive method of differentiating ankle ligament instabilities, there are limitations. We found variability in absolute values of inversion or internal rotation measured between patients. It is well recognised that there is wide variation among individuals in stress tests [6, 12, 13, 23] , which our testing confirmed. This observation in preliminary testing led to refinements in how the foot was secured to the footplate, standardising a neutral position prior to testing, and the repeatability study that was conducted. Data analysis was time consuming, and a special device to measure continuous three-dimensional movement is needed. Some modifications will be required when this device is considered as a widely used examination tool in clinical settings.
Patients with unstable ankles were differentiated from uninjured controls by using the ankle-stability-testing device. The method is noninvasive, does not involve radiation exposure, and is repeatable. It has the potential of providing more accurate diagnosis of ankle-ligament injuries.
